It has been proposed that highly biosynthetic cells oxidize fatty acids to generate ATP while maintaining high levels of glucose metabolism through the glycolytic and pentose shunt systems to supply biosynthetic intermediates. We investigated the metabolic strategies and substrate for ATP production in the osteoclast. We used in situ quantitative microcytophotometric techniques to determine the maximal activity of the pentost shunt (glucose-6-phosphate dehydrogenase; -), the glycolytic pathway (glyceraldehyde-3-phosphate dehydrogenase and lactate dehydrogenase; G3PD and LDH), fatty acid oxidation (p-hydroxyacyl dehydrogenase; HOAD), and the Krebs cycle (succinate dehydrogenase; SDH) in human osteodasts in situ, and related these enzyme activities to the degree of involvement of the cells in resorption. Unlike other highly biosynthetic cells,
Introduction
The osteoclast resorbs bone by creating a subcellular compartment which it maintains at a low pH and into which it secretes proteolytic enzymes; the acidic environment removes the mineral phase of the underlying bone, exposing the organic phase to proteolytic degradation. These functions, together with the fact that the osteoclast is a motile cell, represent a high demand for ATP (Bekker and Gay, 1990; VZbBhen et al, 1990 ; Baron et al., 1985) . .
Previously we have shown that native human osteoclasts have a high capacity to generate ATP via the Krebs cycle and that this is increased in cells resorbing bone (Bradbeer et al., 1992) . Most cells can use both glucose and fatty acids to make ATP, although some cell types prefer one or the other. Furthermore, the metabolic pathways that produce ATP are also involved in biosynthesis; a highly biosynthetic cell may therefore oxidize fatty acids to make ' Supported by a Program Grant from Glwo Group Research, UK (RADNG) .
Correspondence and present address (RAD,MG): Dr. Robert A. such as chondrocytes and macrophage polykaryons, osteoclasts associated with bone resorption were deficient in G3PD, LDH, and GfjPD activity. However, osteoclasts did demonstrate a capacity for fatty acid oxidation which increased in cells apposed to the bone surface. The lack of sig-nXcant glycolytic and pentose shunt activity in the osteoclast provides good evidence that resorbing osteoclasts, unlike phagocytosing macrophage polykarpns, have the metabolic characteristics of cells with greatly reduced capabilities of de novo mRNA synthesis but which do maintain high rates of ATP production. The possibility that the loss of glycolytic activity is a prelude to cell death is discussed. (JHisrdem WORDS: Osteoclast; Giant cell; Human osteophytic bone; Oxidative metabolism; Cytochemistry; Microcytophotomeuic analysis. cytochem 42: 599-6im, 1994) ATP, while maintaining high lev& of glucose metabolism through the glycolyticlpentose shunt systems to supply biosynthetic intermediates (Newshohe et al., 1987; Eigenbrodt and Glossman, 1980) .
Dodds, SmithKline
Since the osteoclast has a high requirement for ATP and is also thought to be a highly biosynthetic cell (Zheng et al., 1991; Baron et al., 1990) . our aim was to determine whether the osteoclast can use the same metabolic strategies as previously characterized biosynthetic cells and whether it has a preferred substrate for ATP production. The question of a preferred substrate is of interest in that bone marrow represents a variable source of circulating glucose, free fatty acids, and stored fat, an increase in the latter being associated with osteopenia, ( Wronski et al., 1986; Meunier et al., 1971) . We used in situ quantitative microcytophotomeuic techniques (Chayen, 1984) to measure the maximal activity of the pentose shunt, glycolysis, fatty acid oxidation, and Krebs cycle in native human osteoclasts and related these activities to the degree of involvement of the cells in bone resorption. Serial sections were assayed for lysosomal tartrate-resistant acid phosphatase activity, a cytochemical marker of osteoclast and macrophage function. The bone used in this study was derived from developing osteophytes taken from femoral heads of individuals undergoing arthroplasty for osteoarthritis. This tissue is particularly rich in osteoclasts and provides an excellent model system for study of all the stages of human bone tumover and remodeling (Dodds and Gowen, in press) . Comparison was made with early hypertrophic chondrocytes and macrophage polykaryons, cell types that have well-defined metabolic characteristics (Boussidan and Nahir, 1990; Newsholme et al., 1987; Dunham et al., 1983) . In particular, the relationship between the osteoclast and the macrophage is a subject of continuing interest owing to their likely common ontogeny and their analogous function, i.e., the degradation of extracellular material (Chambers, 1989) .
We report that mature osteoclasts appear unable to utilize glucose through the pentose shunt and glycolytic pathways and propose that they are metabolically unable to sustain high levels of biosynthesis, a finding that has implications for the way in which their resorptive function may be programmed.
Materials and Methods
Preparation of Sections. Osteophytes were dissected from the femoral heads removed from patients undergoing hip athroplasty for osteoarthritis. Osteophytes that were developing in reparative connective tissue were used. Inflammatory synovial tissue (pannus) from both osteoarthritic (associated with osteophytes) and rheumatoid arthritic joints were used as a rich source of macrophage polykaryons. Osteodastoma tissue (a rare bone tumor containing abundant osteoclasts) was obtained as curettage samples after surgery (Horton et al.. 1985) . Tissues were prepared and sectioned as previously described (Dodds et al., 1990) . Briefly, the tissue was dipped in a 5% solution (wh) of polyvinyl alcohol (PVA) (Sigma; Poole, UK), and then chilled (-70°C) by precipitate immersion in n-hexane (low in aromatic hydrocarbons grade, boiling range 67-70°C) (BDH Poole, LJK) cooled with dry ice. Cryostat sections (10-pm) of unfixed undecalcified bone were cut on a modified Bright cryostat (Bright Instrument; Huntingdon, UK) equipped with a polished tungsten-carbide-tipped steel knife (ARP; Cheshire, UK). The knife was cooled to -70% by packing its haft with dry ice. The temperature of the cryostat cabinet was kept below -25'C. The sections were picked up off the knife onto glass slides.
Cytochemistry. Adjacent unfixed, undecalcified cryostat sections were reacted for: tartrate-resistant acid phosphatase (TRAP 6-min reaction time), glyceraldehyde-3-phosphate dehydrogenase (G3PD glycolysis, 10-min reaction time), lactate dehydrogenase (LDH; glycolysis, 10-min reaction time), glucose-6-phosphate dehydrogenase (G6PD; pentose shunt/glycolysis, 10min reaction time); p-hydroxyacyl dehydrogenase (HOAD; fatty acid oxidation, 40-min reaction time), and succinate dehydrogenase (SDH; Krebs cycle, 2-min reaction time). All reagents were obtained from Sigma unless otherwise stated. Dehydrogenase activities were assayed by standard tetrazolium methods (Chayen and Bitensky, 1991) . Except for SDH, the reaction medium consisted of 40% polypeptide PS115 (a colloid tissue stabilizer that prevents enzyme loss from cryostat sections) (Chayen and Bitensky, 1991) in 0.05 M glycylglycine buffer and 5 mM nitroblue tetrazolium. The reaction medium was deoxygenated by bubbling with humidified nitrogen and the intermediate hydrogen acceptor phenazine methosulfate (0.7 mM, added to the medium just before use (except for HOAD). For G6PD activity, the medium contained glucose-6-phosphate disodium salt ( 5 mM) and NADP (3 mM) (Boehringer, Mannheim, Germany) at pH 8. For assaying the activity of G3PD, the medium contained fructose 1,6-diphosphate ( 5 mM) and NAD (1.5 mM) (Boehringer). Before being applied to the sections, this medium was incubated for 15 min at 37'C in the presence of I U/ml of aldolase to convert the fructose 1,6-diphosphate to glyceraldehyde 3-phosphate (Henderson, 1976) . For the mitochondrial enzyme HOAD (Chambers et al., 1982) , the medium contained 37 mM B-hydroxybutyrylcysteamine, 1.5 mM NAD, 5 mM sodium nitroprusside, and 2 mM mena-dione in place of phenazine methosulfate; the pH was 8.5 and the hydrogen acceptor was neotetrazolium chloride. LDH activity was assayed with 60 mM sodium lactate and 2.5 mM NAD, pH 8. For assaying SDH activity the medium was 0.1 M phosphate buffer containing 50 mM sodium succinate and phenazine methosulfate (0.7 mM), pH 7.8. TRAP activity was assayed by the standard naphthol AS-BI phosphate post-coupling method, using Red Gamet GBC (BDH) as the coupler (Chayen and Bitensky, 1331). The activity was assayed at 37'C in 0.25 mM citrate buffer, pH 4.5, containing 1 mM naphthol AS-BI phosphate and 10 mM sodium tartrate; the reaction was stopped in cold distilled water and post-coupled in 0.1 mM acetate buffer, pH 6.2, containing 2.2 mM Fast Garnet GBC at 4°C for 5 min and then washed in several changes of distilled water.
Microcgtophotometty. The final reaction product in sections assayed for TRAP was an intense red color and for the oxidative activities an intensely colored and insoluble precipitate of formazan ( osteoclasts were classified according to their proximity to and degree of contact with the bone surface; fully spread cells and tightly apposed cells (Group 1); loosely apposed to bone surface (Group 2); unattached but within resorptive region (Group 3); distant from bone surface (Group 4). Group 1 osteoclasts were significantly more active for both enzymes than osteoclasts in the other groups ("'p = 0.Oool). of reaction product was measured in individual osteoclasts with a Vickers scanning and integrating M85A microcytophotometer (Chayen, 1984: Butcher and Altman, 1973) with a mask that encompassed a single cell, ensuring that the optical density of a unit area of reaction product was measured in each cell, a x 40 objective, a scanning spot of 0.4 bm diameter in the plane of the section, at 550 nm for TRAP and 585 nm for the oxidative activity. The individual flying spot measurements of "relative extinction" are integrated by the microdensitometer and summed to give the relative integrated extinction or absorption over the area scanned; by suitable calibration (with a fdter ofknown absolute absorbance), the absolute mean integrated extinction (ME) can be determined for each cell. All enzyme reactions were substrate-dependent and linear with time. Five osteophytes were studied. Three sets of six serial sections were cut from each osteophyte and adjacent sections reacted for TRAP, SDH, G6PD. G3PD, HOAD, and LDH. In each section a mean of 123 f 40 (+SD) osteoclasts was recorded the enzyme activities were measured in all identifable osteoclasts. The osteodasts were classified according to their proximity to and degree of contact with the bone surface: fully spread cells and tightly apposed cells (Group 1, 52% of population); loosely apposed to bone surface (Group 2, 16% of population); unattached but within resorptive region (Group 3, 20% of population); distant from bone surface (Group 4, 12% of population). For comparison, these enzyme activities were also measured in early hypertrophic chondrocytes within areas of endochrondral bone formation of the developing osteophyte. The activities (mean 2 SD) were recorded as the me= integrated extinction (ME x 100) for all celk (Chayen, 1984) . Statistical analysis was done by an unpaired t-test.
ReSUltS

TRAP and SDH Activity in Osteoclasts and
Macmp hage PoZyh~~ons
The overall mean activities of TRAP and SDH in osteoclasts in each of the categories from five osteophytes are shown in Figures la and lb. As previously shown (Bradbeer et al., 1992) , osteoclasts fully spread on the bone surface (Group 1) were significantly more active for both enzymes (p = 0.000~) than osteodasts that were loosely apposed to bone (Group 2), unattached but within distinct resorptive sites (Group 3), or distant from bone surface (Group 4).
Compared with each osteoclast population, SDH and TRAP activity was consistently lower in the hypertrophic chondrocytes within the regions of endochondral bone formation (Figure 1 ). TRAP and SDH activities were high in giant macrophage polykaryons within inflammatory (OA and RA.) synovium (Figures 2a and 2b) . The range of TRAP activity was approximately equivalent to that of the total osteoclast population. Similarly, a wide range of SDH activity was observed in giant cells, although cells with SDH activity equivalent to resorbing osteoclasts were rare (not shown).
GZycoZytic and Pentose Shunt Activity in Osteoclasts and Macrophage Polyhryons
Characteristically, hypertrophic chondrocytes and macrophage polykaryons demonstrated strong glycolytic and pentose shunt activity (Figures 2c and 2 d Eble 1) . Surprisingly, all osteoclast groups showed negligible G3PD, LDH, and G6PD activity (Figures 3a-3c ).
In all sections examined, less than 7% of the osteoclasts demonstrated any measurable activity (Eble 1).
p-Fatty Acid Oxidation in Osteoclasts and Macrophage PolyRaronJ
Osteoclasts demonstrated high HOAD activity (Figure 3d ). For each Table 1 
. Mean activities of G6PD, G3PD, and LDH within osteochsts demonstrating measurable activity and hypertrophic chondrocytes in e a h of the five orteophytes studieda
Activities are expressed as the mean integrated extinction (MIE x 100 i SD) for both cell types.
Number of osteoclasts with identifiable activity (formazan granules).
Twenty randomly chosen chondrocytes were measured in each osteophyte.
osteophyte, the mean activity of HOAD in osteoclasts in each of the categories is shown in Figure 4 . The profile of HOAD activity among the groups was similar to that of SDH and TRAP, with resorbing osteoclasts being significantly more active (p = 0.000~) than non-resorbing osteoclasts. There was no significant difference in activity between Groups 2 , 3, and 4. HOAD activity within macrophage polykaryons (Figure 2e ) and hypertrophic chondrocytes (Figure 4) was high and was equivalent to that in Group 1 osteoclasts.
Preliminary Studies on Samples of Human Osteoclastoma
distant from bony regions within the m o r demomted high G6PD, G3PD, and LDH activity. This activity was lost in osteoclasts associated with new bone formation (Figures 3e and 3f ).
Discussion
We found that osteoclasts demonstrate a high capacity for (3-fatty acid oxidation and that this is further increased in osteoclasts associated with the bone surface. In sections of human osteophyte, the profile of HOAD activity was similar to that of SDH and TRAP measured in resorbing and non-resorbing osteoclasts. Higher SDH and HOAD activity in resorbing osteoclasts compared with other populations probably signifies an increase in the demand for ATP needed for motility, secretion, and ATPase activity during resorption (Brown, 1992) ; cytochemically, it probably reflects an increase in mitochondrial number in the resorbing osteoclasts. The regulation of the $-oxidation of fatty acid has been extensively studied in isolated liver mitochondria and liver cells (reviewed by Brown, 1992) . Briefly, fatty acid oxidation by mitochondria is thought to be limited by (a) fatty acid supply, (b) ATP utilization, and (c) (malonyl-&A-inhibited) carnitine palmitoyltransferase. Increases in fatty acid concentration may stimulate respiration in mitochondria by increasing NADH supply. It has been shown that increased activity of the respiratory chain results in oxidation of the mitochondrial NADH; a decreased mitochondrial NADH:NAD' ratio increases the oxaloacetate:ciuate ratio by stimulation of NAD-linked dehydrogenases of the Krebs cycle, resulting in a stimulation of the Krebs cyde. Increased Krebs cyde activity lowers the acetyl-&kcaA ratio; this decrease and/or a decrease in the NADH:NAD ratio stimulates both pyruvate dehydrogenase and (3-oxidation of fatty acids.
That highly energetic cells tend to use fatty acids for ATP production is not surprising, since fatty acids are the most efficient energy source (Dyson, 1975) . In this respect, osteoclasts were similar to giant macrophages, which also had significant activity in this pathway. However, in contrast to giant macrophages, osteodasts appeared to lack GPD, G3PD, and LDH activity almost completely. The fact that the assay conditions used were able to detect glycolytic and pentose shunt activity in cells such as osteocytes (not shown), which have low activity in these pathways, rules out the possibility that very low levels of activity had remained undetected in apparently negative osteodasts.
It can be concluded that in the developing osteophyte, osteoclasts appear not to use glucose to generate ATP. This alone may not be remarkable; glucose is not a significant fuel in other cell types, including the macrophage (Newsholme et al., 1987) . Indeed, high rates of (3-fatty acid oxidation specifically inhibit the conversion of pyruvate to acetyl-coA, thereby biasing against the use of glucose for acetyl-coA production (Kerbey et al., 1976; Linn et al., 1969) . Thus, fatty acids and glucose compete as respiratory substrates and suppress each other's oxidation. Furthermore, it has been demonstrated that long-chain fatty acyl-CoA thioesters can inhibit G6PD activity (Suyer, 1988; Mita and Yasumasu, 1979) . Nevertheless, osteodasts appear to be peculiar among cells in that they seem largely unable to metabolize glucose either through the principal pathway of glycolysis or through the pentose shunt. The lack of activity in these pathways in osteoclasts has implications beyond the question of the energy metabolism of these cells. Having high fluxes through these pathways is a characteristic of cells whose function requires high levels of protein and therefore mRNA synthesis.
In the present case, macrophages and hypertrophic chondrocytes are well-characterized examples of such cells (Newsholme et al., 1987; Dunham et al., 1983) . Rather than using glucose for energy metabolism, high glycolytic and pentose shunt fluxes are main- fully spread cells and tightly apposed cells (Group 1); loosely apposed to bone surface (Group 2); unattached but within resorptii region (Group 3); distant from bone surface (Group 4). Group 1 osteoclasts were significantly more active for HOAD than osteoclasts in the other groups p = O.OOO1).
tained to allow these cells to respond to acute demands for pathway intermediates for biosynthesis (Newsholme et al., 1987; Yudkin and Offord, 1978) . In particular, the pentose shunt produces the ribose sugars needed for RNA synthesis (Newsholme et al., 1987; Wood, 1985 Wood, ,1986 . When this demand is low, glucose is metabolized to lactic acid. The osteoclasts that we observed therefore appeared to lack a key characteristic of biosynthetic cells. One explanation could be that osteoclasts have high rates of glutaminolysis, as demonstrated in macrophages, lymphocytes, and tumor cells; it has been suggested (Board et al., 1990 ) that this pathway could provide the metabolic intermediates for biosynthetic pathways (glutamine, ammonia, and aspartate for purines and pyrimidine nucleotide formation). Although osteoclasts apparently involved in bone resorption and those not obviously in contact with the bone surface showed this metabolic peculiarity, preliminary studies on samples of human osteodastoma have shown that whereas osteoclasts far removed from bony regions demonstrate high glycolytic and pentose shunt activities, osteoclasts adjacent to or in contact with developing bone lack these activities (Figures 3e and 3f) . Similarly, in sections of osteophyte a minor population of osteoclasts (<7%) did demonstrate pentose shunt and glycolytic pathway activity (Xble 1). This suggests that when bone resorption is imminent the cells alter their metabolism to a condition that seems to preclude sustained high levels of biosynthesis requiring de novo RNA synthesis. The halflife of the mRNA of certain secretory products may be sufficient to allow the cell to continue to synthesize these products throughout the relatively short period during which resorption occurs. Altematively, it is possible that the osteoclast no longer needs to main-tain a high biosynthetic capability once it has prepared for resorption.
The lack of glycolytic activity may be a consequence of free radical generation by the osteoclast. Free radicals are thought to be involved in the degradation of the organic phase of bone matrix, although little is known of their precise mechanism of action or generation in osteoclasts (Garrett et al., 1990) . However, the role of free radicals in the respiratory burst of activated phagocytes is relatively well characterized ( S e d and A b , 1993; Morel et al., 1991; Bellavite, 1988) . The increased respiration of phagocytosing cells is accompanied by metabolic modifications, including increased glucose uptake and catabolism through the pentose shunt pathway, and by the production and release of free radicals, catalyzed by the NADPH oxidase complex ( S e d and Abo, 1993). It is thought that oxygen radicals released by activated neutrophils oxidize specific histidine residues in the target protein, rendering it susceptible to degradation by proteolytic enzymes (Oliver, 1987) . Endogenous enzymes, including those of the glycolytic pathway, are incidentally affected, such that G3PD activity is depressed by about 50% and LDH by 67%. A similar but more severe inactivation of these enzymes may occur in osteoclasts.
The striking difference in the metabolism of the osteoclast and the macrophagelmacrophage polykaryons may simply sigmfy a fundamental difference between the purposes of the two cells. Activated macrophages must be prepared to deal with demands that are of an indeterminate nature; they cannot be informed, in advance, of the extent of the challenge to which they will be required to respond. Macrophages are phagocytic cells, a process necessitating dramatic increases in pentose shunt activity and glycolysis, processes directly associated with the respiratory burst and ATP production (Silverstein and hike, 1980) . In contrast, osteoclasts are thought to be primarily secretory cells (Mundy and Roodman, 1987) and normally function within quite narrow limits. Individually or as a team they remove a quantity of bone that is appropriate to the local remodeling needs of the bone architecture (Lanyon, 1984; Parfitt, 1984) . It would be undesirable for them to be able to continue to resorb indefinitely. Just as a putative coupling mechanism is thought to be the means by which the osteogenic cell system is informed as to how much bone it must replace after resorption (Mundy and Roodman, 1987) , it seems likely that early signals, possibly those involved in initiating remodeling, dictate how much bone the osteoclasts should remove. Mature osteoclasts in vitro are unable to respond directly to resorptive agents that may act mainly at the level ofosteoclast precursor proliferation, di€ferentiation, and recruitment (Chambers, 1989; Mundy and Roodman, 1987) . One can speculate that it is during these stages of the osteoclast life cycle that they acquire the necessary information as to how much bone they should resorb. Therefore, it may be a feasible strategy for osteoclasts to engage in bone resorption having already equipped themselves to perform their function. The osteoclasts may then lose part of their biosynthetic machinery, perhaps as a consequence of generating free radicals, needing only to retain the ability to make large amounts of ATP to execute their function. This would allow an upper limit to be set on the resorptive capacity of the cell. Under these circumstances, the osteoclast would require only the catalytic quantities of Krebs cyde intermediates necessary for the cycle to operate at a high rate. Furthermore, any shortfall in cycle inter-mediates caused by consumption for housekeeping purposes could be made up from amino acid carbon skeletons, of which a surplus would be available from the degradation of the organic phase of the bone matrix.
In conclusion, the present work suggests that osteoclasts at or near the bone surface rely on P-fatty acid oxidation as their energy source. Furthermore, their apparent lack of significant glycolytic and pentose shunt activity suggests that resorbing osteoclasts, unlike macrophage polykaryons engulfing debris, have the metabolic characteristics of cells that are not capable of biosynthesis from new mRNA but which do have the machinery for high rates of ATP generation. This may represent the terminal stage in the life cycle of the osteoclast and a mechanism by which its capacity for resorption is self-limited. In this respect it is interesting that cells known to participate in their own demise (apoptosis) rapidly demonstrate a decrease in RNA and protein synthesis (reviewed by Cohen, 1993) . The process is characterized by cell shrinkage, chromatin condensation, DNA fragmentation, cytoplasmic blebbing, and cell fragmentation; the cells are ultimately digested by macrophages, preventing the release of intracellular contents (Grigg et al., 1991) . Furthermore, apoptotic cells apparently retain membrane integrity, intact mitochondria, and other cell organelles. Further studies would be needed to determine whether loss of glycolytic and pentose shunt activity in the osteoclast is a consequence of apoptosis and thus a prelude to cell death.
